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We propose an interesting model of neutrino masses to realize leptogenesis and dark matter at 
the TeV scale. A real scalar is introduced to naturally realize the Majorana masses of the right- 
handed neutrinos. We also include a new Higgs doublet that contributes to the dark matter of 
the universe. The neutrino masses come from the vacuum expectation value of the triplet Higgs 
scalar. The right-handed neutrinos are not constrained by the neutrino masses and hence they could 
generate leptogenesis at the TeV scale without subscribing to resonant leptogenesis. In our model, 
all new particles could be observable at the forthcoming Large Hardon Collider or the proposed 
future International Linear Collider. 



Introduction: Currently many neutrino oscillation ex- 
periments m have confirmed that neutrinos have tiny but 
nonzero masses. This phenomenon is elegantly explained 
by the seesaw mechanism in which neutrinos natu- 
rally acquire small Majorana [3| or Dirac [Sj] masses. At 
the same time, the observed matter-antimatter asymme- 
try Jl|[in the universe can be generated via leptogenesis 
B II E i, 0, i, 1 [M [m, [II in these models. In this 
scheme, the right-handed neutrinos or other virtual par- 
ticles need have very large masses to realize a successful 
leptogenesis if we don't resort to the resonant effect [1, 0| 
by highly fine tuning. 

Another big challenge to the standard model is the 
dark matter [l|]. What is the nature of dark matter? 
Recently, it has been pointed out [H, [H, [H, [lB| that 
a new Higgs doublet can be a candidate for the dark 
matter if it doesn't decay into the standard model par- 
ticles. Although the possibility of Higgs doublet to be 
a dark matter candidate was proposed many years back 
[13], following the recent proposal 13] a thorough analy- 
sis have been carried out [ij, [1^ demonstrating its con- 
sistency with all the recent results. In this interesting 
scenario, the dark matter is expected to produce observ- 
able signals at the Large Hardon Collider (LHC) [3] and 
in the GLAST satellite experiment JJi]. Combining this 
idea, the type-I seesaw and the concept [l^ of generation 
of the cosmological matter-antimatter asymmetry along 
with the cold dark matter, the author of [IB] success- 
fully unified the leptogenesis and dark matter. However, 
this scenario need the right-handed neutrinos to be very 
heavy, around the order of 10^ GeV. 

In this paper, we propose a new scheme to explain neu- 
trino masses, baryon asymmetry and dark matter at TeV 
scale by introducing a Higgs triplet which is responsible 
for the origin of neutrino masses, a new Higgs doublet 
that can be a candidate for the dark matter, and a real 
scalar which can generate the Majorana masses of the 
right-handed neutrinos naturally. A discrete symmetry 
ensures that the new Higgs doublet cannot couple to or- 
dinary particles. This same discrete symmetry will also 
prevent any connection between the right-handed neu- 
trinos and left-handed neutrino masses. This allows the 
right-handed neutrinos to decay at low scale generating 
the lepton asymmetry, which will be finally converted 



to the baryon asymmetry through the sphaleron pro- 
cesses ,20;]. This will then explain the observed matter- 
antimatter asymmetry in the universe, even if the Majo- 
rana masses of the right-handed neutrinos are not highly 
quasi-degenerate. In our model, all new particles could 
be close to the TeV scale and hence should be observable 
at the forthcoming LHC or the proposed future Interna- 
tional Linear Collider (ILC). 

The model: We extend the standard model with some 
new fields. The field content is shown in TablelH in which 



(1) 



are the left-handed lepton doublet and Higgs doublet of 
the standard model, respectively, while 



(2) 



is the new Higgs doublet that will be the dark matter 
candidate, Vj^ is the right-handed neutrino, x is the real 
scalar and 
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is the Higgs triplet. We further introduce a discrete 
symmetry, under which the different fields transform as 
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Here the other standard model fields, which are all even 
under the Z^, and the family indices have been omitted 
for simplicity. 

We write down the relevant Lagrangian for the Yukawa 
interactions. 
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TABLE I: The field content in the model. Here i/'L) are 
the standard model left-handed lepton doublets and Higgs 
doublet, -q is the new Higgs doublet, is the right-handed 
neutrinos, x the real scalar and is the Higgs triplet. 
Here the other standard model fields and the family indices 
have been omitted for simplicity. 



where we defined, 

Mj^ = g^jU and fi = ku. 



(10) 



For convenience, we diagonalize — > as well as 
Afj^ Mj by redefining z^^^ and then simphfy the La- 
grangian ^ as 

+ p,ij^ A j^r] + Kar]'^iT2 A j^rj + h.c. 

+ ^g^aNlN, + ^M^W^N, + A^Tr (a^A^) (11) 



with 



where j/j^, g^j, f^j are all dimensionless. We also display 
the general scalar potential of x and A^, 
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+ (r/tr;) + X,{7j^fjf + MiTr (a[A^) 
+ A4Tr[(A[Ai)1 +A5[Tr(A[A^) 



+ a.x" (0^0) + "ax" (v^v) + "ax'Tr (a| 

+ 2/?i ((/)t0) (^t^) + 2/32 (^V) 

+ 2/33 ('Z'^'/') Tr (a[A^) + 2/340t A^A^(/ 

+ 2/35 ('7^^) Tr (a[A^) + 2/3,7^^ A^A^ij 

+ {fi(f>^ iT^A^cj) + Kxv'^iT^A^i] + h.c.) , 



(6) 



where /ij^ 2 3 M have the mass dimension- 1, while 

''^i 5iCi!i23'/^i 6 ^^'^ ^ a'"^ all dimensionless, A/^ 
is the positive mass-square of the Higgs triplet. Without 
loss of generality, /i and k will be conveniently set as real 
after proper phase rotations. 

The vacuum expectation values: For Aj^ > and ^\ < 
0, we can guarantee that before the electroweak phase 
transition, the real scalar x acquires a nonzero vacuum 
expectation value (VEV), 



(x) = w = 



(7) 



We can then write the field x in terms of the real physical 
field a as 

X = (J + u, (8) 

so that the explicit form of the Yukawa couplings become 

1 ^ 1 
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+ ^i(j)''iT2A^(j) + jlri^iT^A^ri + ^g^jCJu^^^v 
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Karj^iT^A^rj + h.c. + A/^Tr ( A[A^ 
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being the heavy Majorana neutrinos. 

After the electroweak symmetry breaking, we denote 
the different VEVs as (0) = -^v, {rf) = -^v' , (A^) = 

-^V]^ and (x) = u' and then analyze the potential as a 
function of these VEVs, 

V{u',v,v',v^) 

2' 1 ' 4 1 '2^^ 4 ^ 
+ It^y + ]>^3v'^ + ImIvI + 1(A4 + X,)vt 
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with //' = Ku' . Using the extremum conditions, = 
dV/du' = dV/dv = dV/dv' = dV/dv^, we obtain. 
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lil + + (/3i + + (/33 + M «i 

2V2fiv^ + X2v'^ , 

fil + a2u'^ + (/3i + P2) + iP5 + Pe) vl 
2V2p,'vi^ + Agw'^ , 
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For 



r A3>0, 



+ a2u'^ + (/3i + /32) «2 + (/35 -t- /36) (1^) 
. -h2y2/i'^;^ > , 



the new Higgs doublet rj gets a zero VEV, i.e., v' = 0. 
We assume fi < and ^ M\, u'^, and then deduce 
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for Afl > aau'- 



Subsequently, u' and w can be solved. 
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FIG. 1: The neutrino mass-generation, (a) is the type-II 
seesaw, (b) is the radiative contribution. 



Here ij^ and 77^ j are defined by 
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In addition, the mass eigenstates 2 are the linear com- 
binations of h and cr', i.e., 



for 



111 + a^u'^ 



Ai >0, 

nl + a^v"^ + a^v\ < , 

A2 >o, 

nl + a^u'^ + (/33 -I- P^) vl + 2V2iiv^ < , 
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We then obtain the masses of resulting physical scalar 
bosons after the electroweak symmetry breaking, 
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hi = a' sin d + h cos d . 
hn = a' cos i) — h sin § . 



where h, a' are defined by 
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X = U + cr 



and the mixing angle is given by 
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Neutrino masses: The first diagram of Fig. [l]shows the 
type-II seesaw approach to the generation of the neutrino 
masses. It is reasonable to take the scalar cubic coupling 
II less than the triplet mass M^ in . In consequence, 
the triplet VEV in ([1^)) is seesaw-suppressed by the ra- 
tio of the electroweak scale v over the heavy mass M^. 
Substantially, the neutrinos naturally obtain the small 
Majorana masses. 
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For the zero VEV of new Higgs doublet 77, we can not 
realize the neutrino masses via the type-I seesaw. How- 
ever, similar to [Tsj . it is possible to generate the radia- 
tive neutrino masses at one-loop order due to the trilin- 
ear scalar interactions in (fTTj) . As shown in the second 
diagram of Fig. [1] the one-loop process will induce a 
contribution to the neutrino masses. 
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Here = 



Mf,. For \ fj,l \ \ai\v , we have u' ~ u and 
k — ^''4' 



then Mi ~ M^^,, so the above formula can be simphfied 
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by taking m^o < M|. Moreover, from ((211) and if 
l/i'/^l <C M^, we have Jm^ ^ and then obtain 
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Note that the above loop-contribution will be absent once 
the values of k and then jl' are taken to be zero. 

Baryon asymmetry: We now demonstrate how the ob- 
served baryon asymmetry is generated in this model. 
In the Lagrangian (fTTjl . the lepton number of the left- 
handed lepton doublets and the Higgs triplet are 1 and 
—2, respectively, while those of the heavy Majorana neu- 
trinos, the Higgs doublets and the real scalar are all zero. 
There are two sources of lepton number violation, one is 
the trilinear interaction between the Higgs triplet and 
the Higgs doublets, the other is the Yukawa couplings of 
the heavy Majorana neutrinos to the left-handed lepton 
doublet and the new Higgs doublet. Therefore, both the 
Higgs triplet and the heavy Majorana neutrinos could 
decay to produce the lepton asymmetry if their decays 
are CP-violation and out-of-cquilibrium^. 



We can obtain the CP asymmetry in the decay of 
through the interference between the tree-level process 
and three one-loop diagrams of Fig. [3l in which the first 
two one-loop diagrams are the ordinary self-energy and 
vertex correction involving another heavy Majorana neu- 
trinos, while the third one-loop diagram is mediated by 
the Higgs triplet [2l|. So it is convenient to divide the 
total CP asymmetry into two independent parts, 
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where 
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is the total decay width of iVj, while 
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are the contributions of the first two one-loop diagrams 
and the third one, respectively. Here the definitions 



^ Note that there is an equivalent choice of lepton number: L = 1 
for r] and L = for uji, which makes only the fufp" iT2^L<f> term to 
be lepton number violating. So, the CP asymmetry in the decays 
of Ni and Aj^ can only create an asymmetry in the numbers 
of a-nd Ein equal and opposite amount of asymmetry in the 
numbers of rj. Thus there is no net lepton number asymmetry 
at this stage. However, since only the left-handed fields take 
part in the sphaleron transitions, only the ^/i/, asymmetry gets 
converted to a B — L asymmetry before the electroweak phase 
transition. After the electroweak phase transition, we are thus 
left with a baryon asymmetry equivalent to the B — L asymmetry 
generated from the i/j^ asymmetry and an equivalent amount of 
7] asymmetry or lepton number asymmetry, which does not affect 
the baryon asymmetry of the universe. In the rest of the article 
we shall not discuss this possibility, since the final amount of 
baryon asymmetry comes out to be the same. 
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have been adopted. 

Furthermore, as shown in Fig. [51 in the decay of Aj^, 
the tree-level diagram interferes with the one-loop cor- 
rection to generate the CP asymmetry. 
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FIG. 2: The heavy Majorana neutrinos decay at one-loop 
order. 
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FIG. 3: The Higgs triplets decay to the leptons at one-loop 
order. 
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with 5 being the CP phase. Here we have assumed Ni 
to be the hghtest heavy Majorana neutrinos, i.e., ^ 
MI3, M^. The final bary on asymmetry can be given by 
approximate relation [22| 
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(53) 



being the total decay width of A^ or A^. 

Note that we have not considered the cases where a 
directly decay to produce the leptons and anti-leptons 
through the imaginary or A^ if "io- > 2Mj, Af^-|-2TO^ 
with and to^ being the masses of a and 77, respec- 
tively. For simplicity, here we will not discuss these cases. 

It is straightforward to see that and ef will both 
be zero for k = and then /i = 0. In the following, to 
illustrate how to realize non- resonant TeV leptogenesis, 
we first focus on the simple case where ef is the unique 
source of the CP asymmetry. Note that jl' = for k = 0, 
accordingly, the one- loop diagram of Fig. [T]is absent and 
have no possibility for the neutrino masses, we thus 
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(for A' > 1) . 



(56) 



where the factor 28/79 is the value of B/{B — L) and the 
parameter if is a measure of the departure from equilib- 
rium and is defined by 
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Here ii(r) = (47r3gj45) ^TVMpi is the Hubble con- 
stant with the Planck mass Aipj ~ 10^^ GeV and the 
relativistic degrees of freedom ^ 100. For example, 
inspecting M^ = 10 TeV, |//| = 1 GeV and / - 10"^ 
to (j43|l . we obtain m^, ~ 0(0.1 eV) which is consis- 
tent with the neutrino oscillation experiments. Fur- 



0.1 M 



2,3 



ITeV, y ~ lO"*^ and 



^, we drive the sample predictions: if ~ 48 
— 1.2 X 10^^. In consequence, we arrive at 



thermore, let Mi 
sin 5 = IQ 
and El ~ 
rig/ s ~ 10"^" as desired. 

For K ^ and then /i', /i 7^ 0, A^ and will both con- 
tribute to the neutrino masses and the lepton asymmetry. 
In the limit of ^ Mj, the final lepton asymmetry is 
expected to mostly produce by the decay of A^. How- 
ever, because the electroweak gauge scattering should be 
out of thermal equilibrium, it is difficult for a successful 
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leptogenesis to lower the mass of at TeV scale. Let 
us consider another possibility that are much lighter 
than A^. In this case, leptogenesis will be dominated by 
the decay of N^. For Mf < Mf g , M| and < M^, 
and can be simplified as jld| 
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(59) 



where 5' and 5" are CP phases, m^^^ and m^ax ^'^s 
maximal eigenstates of the neutrino mass matrixes (j42p 
and ([iS]) . respectively. Inputting y ^ 10^'', Mi = 1 TeV 
and M2_3 = 10 TeV, we obtain m^^x = 0(10"^ eV). Sim- 
ilarly, TO^^ax = 0(0.1 eV) for M^ = 10 TeV, = 1 GeV 
and / ^ 10~^. Under this setup, we deduce ^ ~ lO^'^ 
by substituting = 70 GeV, = 10^ TeV into ^ 
and then have ef' ~ —2 x 10^^^ with the maximum CP 
phase. We also acquire ef ~ — 3 x 10~^ for ~ 
and sin (5" = 0.15. We thus drive the sample predictions: 
K ~ 0.5 and Ei ~ ~ — 3 x 10~®. In consequence, we 
arrive at n^/s ~ 10^^*^ consistent with the cosmological 
observations. 

Dark matter and Higgs phenomenology: Since the new 
Higgs doublet can not decay into the standard model 
particles, the neutral 77^ and ?? ? ca.n provide the attractive 
candidates for dark matter [11, [ij, [3]. In particular, 
to realize dark matter, 77^ and 77^ should have the mass 
spectrum [14]: 



Am 
Am 



(9 



9) GeV for = (60 
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75) GeV. (61) 



with TO^ and mj^j^ being the 
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lightest and the next lightest masses between 77^ and 77^ 
Note 
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we thus deduce, 
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In the previous discussions of TeV leptogenesis with 
K ^ 0, we take M^ = 10 TeV, = 1 GeV, = 10^ TeV 
and m,j — 70 GeV. It is straightforward to see |(5777,,J ~ 
25 GeV from ([55)1 . Therefore, we obtain 777,^ ~ 66 GeV 
and Arr7 ~ 9 GeV, which is consistent with the mass 
spectrum (pO)) . 

77^ and 77° are expected to be produced in pairs by the 
standard model gauge bosons , Z or 7 and hence can 
be verified at the LHC. Once produced, 77=*= will decay 
into 77^ J and a virtual , which becomes a quark- 
antiquark or lepton-antilepton pair. For example, if 77^ 
is lighter than 77°, the decay chain 



rfil'^v , then 



V'l 



(66) 



has 3 charged leptons and large missing energy, and can 
be compared to the direct decay 



07+, 



(67) 



to extract the masses of the respective particles. 

As for the phenomenology of the Higgs triplet at the 
LHC as well as the ILC, it has been discussed in [23i|. The 
same-sign dileptons will be the most dominating modes 
of the (5++. Complementary measurements of j/j^ j at the 

ILC by the process e"'"e"'"(/x+/z~) would allow us 

to study the structure of the neutrino mass matrix in 
detail. 

For (x) = O(TeV), which is natural to give the TeV 
Majorana masses of the right-handed neutrinos and then 
realize the TeV leptogenesis, the mixing angle ■& and the 
splitting between h-^ 2 may be large. Furthermore, the 
couplings of /ii 2 to and Z bosons, quarks and charged 
leptons have essentially the same structure as the corre- 
sponding Higgs couplings in the standard model, how- 
ever, their size is reduced by cost? and sin 7?, respectively. 
In the extreme case 7? = ^, the couplings of the lighter 
physical boson h-^ to quarks and leptons would even van- 
ish. In other words, this mixing could lead to significant 
impact on the Higgs searches at the LHC [IJ, • 

Summary: We propose a new model to realize lepto- 
genesis and dark matter at the TeV scale. A real scalar 
is introduced to naturally realize the Majorana masses of 
the right-handed neutrinos. Furthermore, we also con- 
sider a new Higgs doublet to provide the attractive can- 
didates for dark matter. Since the right-handed neutrinos 
have no responsibility to generate the neutrino masses, 
which is mostly dominated by the Higgs triplet through 
the type-II seesaw, they can have large CP asymmetry at 
a low scale, such as TeV, to produce the observed matter- 
antimatter asymmetry in the universe, even if their Ma- 
jorana masses are not highly quasi-degenerate. It should 
be noticed that all new particles are close to the TeV 
scale and hence should be observable at the LHC or the 
ILC. 
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